Taspase1 catalyzes the proteolytic processing of the mixed lineage leukemia (MLL) nuclear protein, which is required for maintaining Hox gene expression patterns. Chromosomal translocations of the MLL gene are associated with leukemia in infants. Taspase1, a threonine aspartase, is a member of the type 2 asparaginase family, but is the only protease in this family. We report here the crystal structures of human activated Taspase1 and its proenzyme, as well as the characterization of the effects of mutations in the active site region using a newly developed fluorogenic assay. The structure of Taspase1 has significant differences from other asparaginases, especially near the active site. Mutation of the catalytic nucleophile, Thr234, abolishes autocatalytic processing in cis but does not completely block proteolysis in trans. The structure unexpectedly showed the binding of a chloride ion in the active site, and our kinetic studies confirm that chlorides ions are inhibitors of this enzyme at physiologically relevant concentrations.
Introduction
The human mixed lineage leukemia (MLL) gene encodes a large, nuclear protein of 3969 amino acid residues (500 kDa) that is homologous to the Drosophila trithorax gene product (Pirrotta, 1998; Schumacher and Magnuson, 1997 ). Human MLL is required for maintaining appropriate Hox gene expression patterns and consequently segmental body plans (Yu et al., 1995 (Yu et al., , 1998 . Drosophila trithorax has a similar function, regulating the expression pattern of the homeotic gene. MLL and trithorax are positive regulators of Hox and homeotic gene expression, respectively (Pirrotta, 1998 The two cleavage products then form a heterodimer, which stabilizes the N320 fragment and helps to target the MLL protein to the correct subnuclear compartment for its function. In the absence of the C180 fragment, the N320 fragment is unstable; its cellular level and its ability to maintain expression levels of the Hox gene are markedly reduced.
The protease catalyzing the processing of the MLL protein has been identified as Taspase1, a threonine aspartase, because it contains a threonine residue as the active site nucleophile and cleaves after an aspartate residue (Hsieh et al., 2003a) . The amino acid sequence of Taspase1 is strongly conserved among higher eukaryotes (Figure 1 ). The human Taspase1 gene encodes a protein of 420 amino acid residues, which is the proenzyme of Taspase1 (Hsieh et al., 2003a) . The proenzyme undergoes posttranslational autoproteolytic processing, cleaving the peptide bond between residues Asp233 and Thr234. This creates an N-terminal fragment of 28 kDa (α subunit) and a C-terminal fragment of 22 kDa (β subunit). The two subunits remain associated with each other after the cleavage and become activated as a protease. The catalytic nucleophile of Taspase1 is Thr234, the first amino acid residue of the β subunit. Mutation of either Thr234 or Asp233 (the P 1 residue of the autoprocessing reaction) can block the activation (Hsieh et al., 2003a) .
Amino acid sequence analysis shows that Taspase1 is a member of the type 2 asparaginase family of enzymes (Hsieh et al., 2003a) . For example, human Taspase1 shares 27% amino acid sequence identity with human lysosomal aspartylglucosaminidase (AGA; Oinonen et al., 1995; Figure 1 ). In contrast to the other type 2 asparaginases, Taspase1 is the only one in this family of enzymes that functions as a protease against other substrates (in trans). Therefore, Taspase1 represents a distinct class of sequence-specific proteolytic enzymes, and its catalytic activity is not affected by most of the common protease inhibitors (Hsieh et al., 2003a , 1998) . They show that the enzymes contain a four-layered αββα structure, with a central, mostly antiparallel β sandwich that is surrounded on both faces by α helices. This fold is formed by residues from both subunits of the enzyme. The catalytic nucleophile (a Ser, Thr, or Cys residue) is invariably the first residue of the β subunit, at the beginning of a β strand in the central β sandwich. Therefore, Taspase1 also belongs to the so-called N-terminal nucleophile (Ntn) family of hydrolases, which use a nucleophile located at the N terminus of a subunit to catalyze hydrolysis reactions (Brannigan et al., 1995;  Oinonen and Rouvinen, 2000; Wlodawer, 1995).
To help understand the biological and biochemical functions of Taspase1, we have determined the crystal structure of activated human Taspase1 at 1.9 Å resolution, as well as that of the proenzyme (D233A mutant) at 2.0 Å resolution. The structure reveals significant conformational differences between the proenzyme and the activated Taspase1, as well as between Taspase1 and other type 2 asparaginases. We have developed a new fluorogenic assay for Taspase1 activity, and used this assay to characterize the effect of mutations in the active site region of the enzyme. Mutation of the catalytic nucleophile (Thr234) can abolish the autoprocessing (in cis) of the proenzyme (Hsieh et al., 2003a), but does not completely block the activity of the enzyme against other substrates (in trans). Our structural and kinetic studies suggest that chloride ions are inhibitors of Taspase1 activity at physiologically relevant concentrations.
Results and Discussion

Structure Determination
The crystal structure of the proenzyme of human Taspase1 (D233A mutant) was determined at 2.0 Å resolution by the selenomethionyl single-wavelength anomalous diffraction (SAD) method (Hendrickson, 1991) . Expression of the wild-type proenzyme in bacteria leads to partial processing and activation of the enzyme (see below). We were not able to separate the proenzyme and the activated Taspase1, but such a mixture of different enzyme species is unlikely to be suitable for structural studies. To block this activation, we engineered the D233A mutant, which cannot undergo autoprocessing ( To prepare fully activated Taspase1, we coexpressed the two subunits of the enzyme (residues 1-233 and 234-420, respectively) in E. coli. While this protein is monodispersed in solution, we could not crystallize the sample. After the structure of the proenzyme was solved, we realized that the loop prior to the processing site is disordered. Therefore, we designed a new coexpression construct, containing residues 1-206 for the α subunit and 234-420 for the β subunit, and succeeded in crystallizing the resulting activated Taspase1. The asymmetric unit contains an α 2 β 2 heterotetramer of the enzyme. The current atomic model contains residues 41-155, 158-183 and 41-156, 159-182 for the two α subunits, respectively, and residues 234-349, 364-416 and 234-351, 362-416 for the two β subunits, respectively.
Both structures have excellent agreement with the crystallographic data and the expected bond lengths, bond angles, and other geometric parameters ( Table 1) . The majority of the residues (90%) are in the most favored region of the Ramachandran plot, and none of the residues are in the disallowed region in the proenzyme structure.
Overall Structure of Activated Taspase1
The proenzyme and activated Taspase1 are dimers. However, the proenzyme is a dimer of two monomers, whereas the activated Taspase1 is a dimer of the α and β subunits, or a heterotetramer. Each αβ heterodimer is derived from the proenzyme monomer by autocatalytic processing. To simplify our discussions, we will refer to the monomer of the proenzyme and the αβ heterodimer of the activated enzyme as the protomer of Taspase1.
The structure of the protomer of activated Taspase1 contains 14 β strands (β1-β14) and 7 α helices (αA-αD, αG-αH. Helix αE is present in the proenzyme) ( Figure  2A ). The β strands are located in a mostly antiparallel β sandwich, and the helices are located on the two faces 
Structure of Taspase1 Proenzyme, Conformational Changes upon Activation
The overall structure of the protomer of the proenzyme is similar to that of the activated enzyme ( Figure 2B ), and the rms distance is 0.35 Å for 284 equivalent Cα atoms between the two protomers. However, the organization of the dimer of the two enzymes is different. With one protomer of the dimer in superposition, a rotation of 2.6°is needed to bring the second protomer into overlap (data not shown).
Besides reorganization in the dimer interface, activation also produces local conformational changes in the protomer. For example, residues 183-205 are ordered in the proenzyme structure, forming helix αE and part of the loop connecting helices αD and αE ( Figure 2B ). In contrast, these residues are disordered in the structure of the activated enzyme (Figure 2A ). Most importantly, the side chain of the catalytic Thr234 residue assumes a different conformation in the proenzyme as compared to the activated enzyme. In addition, residues 52-59 in the active site, in the loop connecting strand β1 and helix αA, have large conformational differences between the two structures. These structural differences in the active site region will be discussed in the next section.
The Active Site of Taspase1 and Mechanism of Autoactivation
The active site of Taspase1 is located at the top of the β sandwich (Figure 2A) , and is formed by residues from both subunits of the protomer ( Figure 4A ). The catalytic nucleophile of the enzyme, Thr234, is located at the N-terminal end of strand β5, the first residue of the β subunit. The main chain amino group and the side chain hydroxyl group are within hydrogen-bonding distance (3 Å) of each other, and both groups point toward the solvent ( Figure 4B ). This should facilitate the access of substrates to the active site of the enzyme. This conformation of the Thr234 residue is also consistent with the mechanism that the main chain amino group, in its neutral form, functions as a general base to extract the proton from the side chain hydroxyl of this residue, enabling it to function as the nucleophile for proteolysis (Oinonen and Rouvinen, 2000) . This hydroxyl group is also hydrogen bonded to the side chain hydroxyl of Ser252 and a water molecule. A chloride ion was observed in our structure of the activated Taspase1, located near the main chain amino group of Thr234 (Figure 4A and see below) .
Residues in the active site region that could interact with the substrate of the enzyme include Gly51 (in strand β1), Tyr52 (β1-αA loop), Lys57 and Tyr61 (αA), Phe98, Asn100, and Asn106 (αB-β2 loop), Ser252, Gly254, and Leu255 (β6-β7 loop), and Gly292 (β9) (Figure 4A) . These residues are generally conserved among the Taspase1 enzymes, but are not conserved in other type 2 asparaginases (Figure 1) , reflecting the unique substrate preference of Taspase1.
Compared to the structure of the proenzyme, the largest conformational differences in the active site are for residues in the β1-αA loop ( Figure 4A ). In particular, the side chain of Tyr52 moves by up to 11 Å, so that it is placed in the active site region in activated Taspase1. In addition, the side chains of Lys57 and Tyr61 also show significant structural differences upon activation. The structural differences in this loop and other residues change the overall topology of the active site region of the proenzyme ( Figure 4C ).
There are also significant conformational differences for the catalytic nucleophile, Thr234, between the proenzyme and the activated Taspase1 ( Figure 4A ). The main chain of this residue shifts by about 1 Å upon activation. In addition, the side chain of Thr234 assumes a different rotamer in the proenzyme ( Figure 4A ). While this conformation might be more appropriate for the autoprocessing of the proenzyme, it is not compatible with proteolysis of other substrates in trans.
We also observed residues Leu232 and Ala233 (Asp233 in wild-type) in our structure of the proenzyme (Figure 4A) , which correspond to the P 2 and P 1 residues, respectively, of the substrate in the autoprocessing reaction. However, the actual conformation of the substrate just before proteolysis is probably different from that observed here. Based on structural studies of the autoactivation of AGA (Xu et al., 1999) , the side chain carboxylate group of the P 1 Asp residue is expected to withdraw the proton from the side chain hydroxyl group of the catalytic Thr residue, which can in turn attack the carbonyl group of the P 1 Asp residue to initiate the autoprocessing. In the conformation observed here, a model for the side chain of Asp233 would place it about 8 Å from that of Thr234 ( Figure   4B ). Moreover, the carbonyl carbon of residue 233 is 4 Å from the side chain hydroxyl of Thr234, too far for nucleophilic attack. It may be possible that the conformation observed here for the proenzyme is due to the D233A mutation.
Comparison to Structures of Asparaginases
The overall structure of Taspase1 is similar to that of type 2 asparaginases. The closest structural neighbor, based on the program Dali (Holm and Sander, 1993), is human lysosomal AGA (Oinonen et al., 1995) , consistent with the roughly 27% amino acid sequence identity between these two enzymes (Figure 1; Hsieh et al.,  2003a) . Other structural homologs include the AGA from Flavobacterium (Guo et al., 1998; Xuan et al., 1998), the glutaminase domain of glucosamine 6-phosphate synthase (Isupov et al., 1996) , and the E. coli glutamine phosphoribosylpyrophosphate amidotransferase (Muchmore et al., 1998), although the sequence conservation with these enzymes is only in the 12% range. The structure of Taspase1 also shares some homology with that of the proteasome (Lowe et al., 1995) , which also contains a Thr in the active site (Wlodawer, 1995) . However, the Z score (3.4) from Dali is much lower than that (11.4) for the comparison to type 2 asparaginases.
The locations of the secondary structure elements are generally similar between the structures of Taspase1 and AGA (Figure 5 ). In addition, the organization of the dimers is similar between the two enzymes, with Figure 2B ). AGA has an extended loop structure after helix αE (Figure 5) , which helps the dimerization of that enzyme. At the C terminus, Taspase1 has additional residues compared to AGA (Figure 1) , and these additional residues form an extra β strand (β14) for the smaller sheet of the β sandwich ( Figure 5) .
The most important structural difference between Taspase1 and AGA is located near the active site. Strand β1 and the following helix αA are longer in Taspase1 ( Figure 5 ). The addition of these residues in Taspase1 creates a significant difference in the molecular surface of the active site region between Taspase1 and AGA, which may be correlated with the fact that Taspase1 is active as a protease.
A Fluorogenic Assay for Taspase1 Activity
To characterize the catalytic properties of Taspase1 and its mutants, we developed a fluorogenic assay based on the substrate preference of the enzyme. Our internally quenched peptide substrate covered residues P 4 -P 4 # from the cleavage site 1 (CS1) in MLL (Hsieh et al., 2003a) . The fluorescence emitter is MCA (7-methoxycoumarin-4-acetyl), attached to the N terminus of the peptide through a glycine residue, and the internal quencher is DNP (dinitrophenyl), attached to the side chain ammonium ion of a lysine residue at the C terminus. The sequence of this fluorogenic substrate is MCA-Gly-Lys-Gly-Gln-Val-AspYGly-Ala-Asp-Asp-Lys-DNP, where the cleavage site is indicated with the arrow. The extra lysine residue near the N terminus was added to enhance the solubility of the peptide.
We observed good catalytic activity for Taspase1 using this substrate ( Figure 6A ). The reaction progress curve is linear over a long period of time, from which the initial velocity of the reaction can be determined. This velocity is corrected for the slight increase in fluorescence when the substrate alone is monitored over time ( Figure 6A) . A plot of the reaction initial velocity as a function of substrate concentration showed hyperbolic behavior (Figure 6B ), suggesting that Taspase1 follows simple Michaelis-Menten kinetics. An alternative possibility that the hyperbolic behavior is due (at least in part) to product inhibition cannot be excluded based on our current data. The two protomers of the dimer do not appear to exhibit cooperativity in the catalysis, consistent with our structural observation that the two active sites are far from the dimer interface (Figure 3) . The apparent K M of this substrate was estimated to be about 12 M based on the observed kinetic data ( Figure 6B) . However, at substrate concentrations above 10 M, the so-called inner filter effect becomes more pronounced, where the quenching of MCA fluorescence by DNP from another molecule is nonnegligible. Therefore, the actual K M may be somewhat different from the 12 M value that we have determined.
To enhance the binding affinity between the substrate and the enzyme and to lower the K M , we created a longer substrate, covering residues P 8 -P 8 # of CS1 in MLL. Unfortunately, the K M for this substrate is still about 10 M (data not shown). Moreover, we observed significantly higher background fluorescence reading with this substrate, before any proteolysis. This is possibly due to the fact that the quencher (DNP) is further away from the emitter (MCA) in this longer substrate. Taspase1 has somewhat stronger activity against CS2 in MLL (Hsieh et al., 2003a, 2003b) , and a peptide substrate based on CS2 could have a lower K M value.
Chloride Ions Inhibit the Activity of Taspase1
Our crystal structure of activated Taspase1 unexpectedly showed the binding of a chloride ion in the active site ( Figure 4A ). It has interactions with the N-terminal amino group of Thr234, as well as with the main chain amides of residues Gly49 and Asn100 (Figure 7) . The position of the chloride ion clashes with that of Ala233 (the P 1 residue) in our structure of the proenzyme (Figure 4A) . Therefore, we expected that the chloride ion could compete with substrate for binding to the enzyme, and that chloride ions could be inhibitors of Taspase1.
To characterize the effect of chloride ions on the catalytic activity of Taspase1, we determined the initial velocity of the cleavage reaction in the presence of various chloride concentrations. The concentration of the substrate was at 6 M, near its K M value. The kinetic data clearly demonstrate that chloride ions can inhibit Taspase1 activity in a concentration-dependent manner ( Figure 6C) , and the IC 50 value derived from the data is about 26 mM. Therefore, our kinetic analysis confirms the structural observation of the presence of a chloride ion in the active site. Interestingly, the IC 50 value of 26 mM is in the range of expected intracellular concentration of chloride ions (Faundez and Hartzell, 2004) , suggesting that Taspase1 activity could also be partly inhibited in vivo by chloride.
Mutation of Residues in the Active Site Can Affect Catalysis
Our structure of activated Taspase1 has identified residues that could interact with the substrate in the active site ( Figure 4A ). To assess the functional roles of these residues in the catalysis by the enzyme, we have created site-specific mutants for many of them and determined the initial velocity of these mutants at two different substrate concentrations, 2 and 10 M. The mutants that we have examined include H47A, Y61A, N100A, D116A, S251A, S252A, Q265A, and S291A. Mutations of the catalytic Thr234 residue will be described in the next section. As a control, we created the E243A mutant. This residue is located in the loop connecting strands β5 and β6, on the opposite surface of the enzyme from the active site (Figure 2A) , and the E243A variation is observed in Drosophila Taspase1 (Figure 1) .
Our kinetic studies show that most of the mutations in the active site region have negative impacts on the activity of Taspase1, with a reduction of 4-to 10-fold in the initial velocity of the enzyme ( Figure 6D ). The Ser252 side chain is hydrogen bonded to the Thr234 side chain (Figure 4A) , and the removal of the Ser252 side chain hydroxyl led to a 4-fold loss in catalytic activity. In comparison, the S251A mutation is well tolerated by the enzyme. The side chain of this residue is pointed away from the active site, into the hydrophobic core between the larger β sheet and helices αB, αC of the enzyme ( Figure 4A ). As expected, mutation of the Glu243 residue has no effect on the catalysis by the enzyme (Figure 6D) . The Asp116 residue, in the middle of strand β2 (Figure 4A) , is involved in a network of ion pair and hydrogen-bonding interactions near the active site. Mutation of this residue is also detrimental to the catalysis, possibly through an indirect effect.
Mutation of Thr234 Blocks Autoprocessing but Does Not Abolish Catalysis In trans
The largest impact on the catalysis by Taspase1 is observed with the T234V mutant, which essentially cannot cleave the peptide substrate ( Figure 6D ). In comparison, both the T234A and T234S mutants show noticeable catalytic activity toward the peptide substrate (Figure 6D) , and the activity of the T234S mutant is slightly higher than that of the T234A mutant.
To assess the structural impact of the Thr234 mutations on the active site of the enzyme, we have determined the crystal structure of the T234A mutant at 2.0 Å resolution and the T234S mutant at 2.6 Å resolution (Table 1 ). The overall structures of the protomer and dimer of these mutants are essentially the same as the wild-type enzyme, with rms distance of about 0.35 Å between equivalent Cα atoms of their dimers. In the active site region, the Ser234 side chain assumes a conformation such that its hydroxyl is in the same position as the methyl group in the side chain of Thr234 (Figure 8A ), which may explain the poor activity of this mutant even though it also contains a hydroxyl group in the active site. The Ala234 residue has a different position in the main chain as compared to that of Thr234 in the wild-type ( Figure 8A ). The small catalytic activity observed for this mutant might be due to a solvent molecule that mimics the side chain hydroxyl of Thr234. We did not see such a molecule in our structure of the T234A mutant, but it is possible that this molecule can only bind with some affinity in the presence of the substrate. Like the Thr234 side chain in the wild-type enzyme, this water molecule could be activated by the side chain carboxylate of the P 1 Asp residue. The T234V mutant lacks catalytic activity probably because the Val side chain can block access of a solvent molecule into the active site.
The kinetic assays with the peptide substrate measure the catalytic activity of Taspase1 in trans. In comparison, the autoprocessing of the proenzyme of Taspase1 occurs in cis, that is, an intramolecular cleavage. To assess the effect of mutating Thr234 on the activation of Taspase1 proenzyme, we expressed the proenzyme carrying the T234A, T234S, or T234C mutation in bacteria. After purification, the wild-type enzyme showed greater than 50% (though still incomplete) processing of the proenzyme (Hsieh et al., 2003a; Figure 8B ). In contrast, this intramolecular cleavage is essentially blocked in all the T234 mutants, as well as mutants at the P 1 Asp233 residue ( Figure 8B ). These studies demonstrate that mutations of the Thr234 nucleophile can block the activation of the proenzyme in cis (Figure 8B ), but may not completely abolish the catalytic activity in trans ( Figure 6D ).
MLL has a crucial role in maintaining the expression pattern of the Hox gene and the establishment of the body plan in higher organisms. Chromosomal translocations of MLL are linked with the development of leukemia, suggesting that unregulated MLL activity could be associated with cancer development. Taspase1 is required for proteolytic processing of the MLL protein, which leads to the stabilization of the N-terminal, biologically active fragment of MLL. Pharmaceutical intervention in the processing of MLL by Taspase1 might be beneficial in the treatment of cancers (Hsieh et al.,  2003a) . Our structural information and the fluorogenic kinetic assay can be used in the identification and optimization of inhibitors against this enzyme.
Experimental Procedures Protein Expression and Purification
The full-length proenzyme of human Taspase1 (residues 1-420) was subcloned into the pET28a vector (Novagen, Madison, WI) and overexpressed in E. coli at 20°C. The expression construct introduced a hexahistidine tag at the N terminus. Partial activation (cleavage between Asp233 and Thr234) of the proenzyme was observed. To abolish this processing, we created the D233A mutant of the proenzyme, using the QuikChange kit (Stratagene, La Jolla, CA), as it is known that this mutant cannot undergo autoprocessing (Hsieh et al., 2003a) . The soluble protein (D233A mutant) was purified by nickel agarose affinity chromatography and gel filtration chromatography. The protein was concentrated to 20 mg/ml in a buffer containing 20 mM Tris (pH 7.9), 450 mM NaCl, 5 mM DTT, and 5% (v/v) glycerol. The N-terminal His tag was not removed for crystallization. The high salt concentration is crucial for maintaining the solubility of Taspase1 samples.
The selenomethionyl protein sample was produced in minimal media supplemented with specific amino acids to inhibit endogenous methionine biosynthesis (Doublie et al., 1996) , and purified following the same protocol as that for the native enzyme. We found little or no production of Taspase1 protein using various methionine auxotrophs in defined LeMaster media (Hendrickson et al., 1990) .
To prepare active Taspase1, the two subunits were coexpressed in E. coli. The α subunit (residues 1-233 or 1-206) was subcloned into the pET28a vector, with an N-terminal hexahistidine tag. The β subunit (residues 234-420) was first subcloned into the pET26b vector, without any histidine tag, and this plasmid was then used as the template for the amplification of the β subunit as well as the upstream ribosomal binding site in the vector. The resulting insert was placed downstream of the α subunit in the pET28a vector. The expression and purification followed the same protocol as that for the proenzyme, and the β subunit was copurified with the α subunit on the nickel agarose column. The initiator Met residue for the β subunit was removed by bacterial proteases during expression. Table 1 .
Protein Crystallization
Kinetic Assays
A fluorogenic substrate was designed to assay the catalytic activity of Taspase1. The substrate contains a 7-methoxycoumarin-4-acetyl (MCA) fluorophore linked to a Gly residue at the N terminus and a dinitrophenyl (DNP)-modified lysine quencher at the C terminus: MCA-Gly-Lys-Gly-Gln-Val-AspYGly-Ala-Asp-Asp-Lys-DNP. The kinetic assays were performed using a Photon Technologies fluorimeter (Birmingham, NJ). The excitation wavelength was 340 nm, and the emission wavelength was 440 nm. The reaction buffer contained 100 mM HEPES (pH 7.9), 10% sucrose, 10 mM DTT, and 100 nM enzyme. The initial velocity was determined from the reaction progress curve.
Mutagenesis
Mutants of Taspase1 were created with the QuikChange kit (Stratagene), and sequenced to confirm the incorporation of the correct mutation. The mutant proteins were purified following the same protocol as the wild-type enzyme.
